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1.  INTRODUCTION 

The  performance^  of  aircraft  gas  turbine  engines  imder  sooting  conditions  and/or  ramjets 
burning  slurry  fuels  (leading  to  oxide  aerosols  and  deposits),  depends  upon  the  formation  and 
transport  of  small  particles  of  con:q)lex  morphology,  often  in  highly  non-isothermal  combustion  gas 
boundary  layers  (BLs).  Aggregate  formation  /  transport  are  also  in^rtant  in  chemical  reactors  used 
to  synthesize/process  aerospace  materials,  including  turbine  blade  coatings,  optical  waveguides, 
ceramic  precursor  powders,...).  Accordingly,  this  research  was  directed  toward  providing  chemical 
propulsion  system  engineers  with  rational  new  predictive  techniques  to  deal  with  particle  formation- 
transport-deposition  phenomena,  accounting  for  significant  non-spherical  particle  morphology 
effects.  An  interactive  e}q)erimental/theoretical  approach  was  used  to  gain  an  understanding  of 
performance-limiting  mass/energy  transfer-phenomena  at  or  near  interfaces.  This  included  the 
development/e3q)loitation  of  laboratory  burners  and  new  diagnostic/characterization  techniques 
(Sections  2. 1,2.2).  Resulting  experimental  data,  together  with  the  predictions  of  a^m^totic  theories 
were  then  used  to  propose  and  verify  rational  engineering  correlations  for  future 
design/optimizatioa 

2.  SUMMARY  OF  PRINCIPAL  RESEARCH  ACCOMPLISHMENTSJ 

Most  of  the  results  obtained  under  Grant  AFOSR  97-1-0266  can  be  divided  into 
the  subsections  below: 

2.1  Laser-Induced  Incandescence  (Lll)  for  Soot  Measurements:  New  'Modalities' 

While  instantaneous,  local  soot  volume  fractions  and  spherule  sizes  are  sufGcient  for  some 
purposes  (especially  in  predicting  the  structure  of  atmospheric  pressure  flames),  a  knowledge  of  the 
^^gST^g^te  size  distribution  (ASD  or  pdf(N)  ,  where  N  is  the  number  of  spherules  in  a  'fractal-like' 
aggregate)  is  essential  to  predict  the  radiative  properties  and,  say,  health  effects  of  sooting 
combustors.  Rapid  response  LII  access  to  such  information  would  also  permit  the  development  of 
local  aggregate  number  density  pdfe  and  relevant  'scatter'  diagrams  in  turbulent  sooting  flows, 
thereby  focilitating  the  development  of  more  realistic  soot  models  for  such  environments.  Under  the 
present  grant  we  carried  out  an  analysis  (Filippov  et  al.  1999a);  which  demonstrated,  for  the  first 
time,  that  in  the  small  Knudsen  number  {eg.  high  pressure)  limit,  LII  ccm  be  used  to  infer  aggregate 
size  distributions.  We  exploited  an  improved  theoretical  knowledge  of  the  optical  and  heat  transfer 
properties  of  fractal  aggregates  (Filippov  and  Rosner,  1998,1999,  Filippov  et  a/.  1999b).  We  showed 
that  the  'accessible'  domain  (on  the  plane  of  aggregate  population  spread  vs.  geometric  mean  number 
of  spherules  per  aggregate,  Ng)  includes  most  soot  cases  of  practical  interest. 

2. 2.  Development  of  'Thermo-Phoresis-Based’  Particle  Diagnostic  Techniques 

In  this  program  we  developed/demonstrated  two  thermophoresis-based  methods  for 
measuring  absolute  local  soot  volume  fractions,  fp,  in  both  co-flow  and  counterflow  laminar 
diffusion  flames).  The  first,  called  Thermocouple  Particle  Densitometry  (TPD)(McEnally 
e/.  a/.  (1997)),  exploits  the  laws  governing  thermocouple  response  to  thermophoretic  soot  deposition, 
as  first  suggested  by  the  PI  in  1985.  This  'TPD'  research  has  led  to  a  novel  and  quite  convenient 
method  to  track  local  soot  volume  flections  in  laminar  flames,  most  recently  including  flames 
deliberately  'doped'  with  possible  soot  pre-cxirsors  (McEnally  and  Pfefferle,1998).  Remarkably,  the 
method  responds  to  transparent  soot  (condensed  PAHs,  important  in  soot  inception)  to  which 
ordinary  laser  light  extinction  (LLE)  is  "blind"  (McEnally  et  al,  1998,  Koylu  et  al  1998).  A 
combination  of  TPD  and  more  classical  methods  of  analysis  is  expected  to  shed  new  light  on  the 
role  these  ubiquitous  "transparent"  particles,  found  very  early  in  hydrocarbon  vapor/air  diSusion 
flames,  play  in  the  overall  soot  formation  process. 
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The  second,  related  technique,  which  we  call  Thermophoretic  Sampling  Particle  Diagnostic 
(TSPD)  (Koylu,  et.al.  (1997))  is  an  extension  of  TEM-based  thermophoretic  sampling  to  also  obtain 
absolute,  local  soot  volume  fractions,  again  making  use  of  the  laws  governing  thermophoretic  soot 
deposition  (eg.,  Rosner  et.al.  (1991,1992)). 

2.3  Simulation  Methods  for  Aerosol  Populations  Described  by  2  (or  More)"State  Variables" 

Based  on  the  expectation  that  'sectional'  (finite-difference)  methods  will  become  problematic 
for  the  ultimate  prediction  of  multi-variate  pdfs  for  sooting,  turbulent  combustors,  we  have 
developed/illustrated  a  more  versatile  Monte-Carlo-based  (MC-)  simulation  of  the  population 
balance  equation  PBE  (Tandon  and  Rosner,1999,  Rosner  and  Yu,  1999)  and  successfully 
demonstrated  the  eflScacy  of  this  approach  for  the  an  inq)ortant  2-state  variable  case  in  which  each 
non-spherical  particle  in  the  population  is  characterized  by  its  volume  v  and  surface  area  ,  a.  Even  in 
this  bivariate  case  we  have  found  "self-preserving"  (constant  shape  pdf)  asymptotic  solutions 
(Tandon  and  Rosner, 1999(continuum  regime);  and,  for  the  free-molecule  regime,  Rosner  md 
Yu, 1999).  While  these  "self-preserving"  solutions  may  not  apply  apply  locally  to  the  dynamical 
situation  of  many  real  flames,  including  the  TMA-seeded  atmospheric  pressure  counter-flow 
diflusion  flames  on  which  we  have  considerable  experimental  data  (Xing  et.al,  1997,1999),  they  are 
of  considerable  theoretical  interest,  and  can  be  used  to  predict  many  observable  properties  of 
‘coagulation-aged’  aerosol  populations,  including  mass  deposition  rates  (Rosner  er.a/.(l  998,2000)). 
As  a  corollary  of  this  research,  we  have  developed  methods  to  predict  the  decisive  mean  spherule 
size  (which  fixes  the  specific  surfrice  area  of  such  aerosols)(see,  Xing  and  Rosner, 1999),  and  even 
the  spherule  size  distribution  (Rosner  and  Yu(2000)). 

2.4  Prediction  of  Particle  Deposition  from  Soot  Populations 

The  feet  that  smokes  or  mists  of  aerospace  and  environmental  interest  are  comprised  of 
particles  both  large  and  small  compared  to  the  prevailing  gas  mean-free-path  inevitably  complicates 
accurate  predictions  of,  say,  total  mass  deposition  rates  to  confining  walls  by  the  mechanism  of 
convective-Brownian  diffusion  (Sc»l),  or  thermophoresis,  across  laminar  or  turbulent  boimdaiy 
layers.  However,  since  all  individual  particle  transport  properties  are  sensitive  to  the  prevailing 
Knudsen  number  based  on  particle  diameter,  this  must  be  accurately  taken  into  account.  In  the  present 
program  we  extended  previous  results  from  this  laboratory  to  show  how  deposition  rates  from  a 
flowing  stream  of  coagulation-aged  polydispered  spherical  particles  in  the  Knudsen  transition  regime 
can  be  predicted  by  systematically  correcting  results  more  easily  calculated  for  the  (hypothetic^) 
reference  case  of  mono-dispersed  spheres,  either  in  the  continuum  or  free-molecule  limit.  For  this 
purpose  we  carried  out  "once-and-for-all"  quadratures  over  the  Cunningham-Millikan  "slip-flow" 
function,  and  the  Talbot  thermophoretic  function  (Rosner  and  Khalil,2000)  with  appropriate  quasi-self- 
preserving  particle  size  distribution  (PSD-)  functions,  using  recent  information  on  the  effective  spreads 
(Cg^eff)  of  these  near-log-normal  PSDs  associated  with  Brownian  coagulation  in  the  transition  regime. 
Whether  the  deposition  mechanism  is  Brownian  diffusion  (Rosner, 1998)  or  thermophoresis  (Rosner 
and  Khalil(2000)),  this  led  to  rational  "universal"  correlations,  in  terms  of  the  prevailing  Knudsen 
number  based  on  mean  particle  size  in  the  population,  which  will  drastically  simplify  and  accelerate 
such  particle  deposition  rate  calculations  in  the  future. 


2 


3.  ADMINISTRATIVE  INFORMATION:  PRINCIPAL  PERSONNEL, 
PRESENTATIONS,  APPLICATIONS,  ’’TECHNOLOGY  TRANSFER” 

The  following  sub-sections  summarize  some  pertinent  facets  of  the  abovementioned  Yale  HTCRE 
Lab/AFOSR  (nominally  3  year-)  research  program  of  management  interest: 

3.1  Principal  Research  Personnel 

The  present  results  (summarized  in  Sections  2  and  5  and  the  17  pe^rs  prepared  under  this 
program)  are  mainfy  due  to  the  contributions  of  the  individuals  listed  in  Table  3.1-1,  \riiich  also 
indicates  the  overall  role  of  each  researcher.  It  is  noteworthy  that,  in  addition  to  the  results 
themselves,  this  program  has  simultaneously  contributed  to  the  research  training  of  PhD  students:  M. 
Zurita,  and  Y.  Xing.  The  latter,  recently  completed  a  post-doctoral  position  at  Johns  Hopkins  Univ., 
and  was  runner-up  for  the  1999  ACS/CoUoid  Div.K  LaMer  Award  (based  on  outstanding 
dissertation  research).  He  is  now  in  an  excellent  position  to  make  future  contributions  to 
technologies  oriented  toward  high-tech  aerospace  materials  synthesis/processing. 


Table  3.1-1  S^xxm!a!axy  of  Principal  Research  Participant:^  on  AFOSR  Grant:  97-1-0266  : 
TRANSPORT  PHENOMENA  AND  INTERFACIAL  PHENOMENA 
IN  MULTIPHASE  COMBUSTION  SYSTEMS 


Name 

Status® 

Date(s) 

Principal  Research  Activity^ 

Filippov,  A.V. 

PDRA-RS/S 

9/97-11/99 

LII  theory  for  pdffdi)  and  pdf(N) 

Rosner,  D.E. 

PI 

4/97-11/99 

Program  direction-dep.  theory/exp 

Xing,  Y. 

GRA-PDRA 

4/97  -6/98 

Particle  prod./char.  In  CDFs 

Yu,  S. 

PDRA 

10/98-7/99 

MC  Simulation  of  soot  coagulation 

Zurita,M 

GRA 

1/99-11/99 

LII  theory;  Aggregate  properties 

®  PDRA=Post-doctoral  Research  Asst  GRA=  Graduate  Research  Assistant  (V=Visiting) 

PI  =  Principal  Investigator  ^  See  Sections  5.2, 5.3  for  specific  references  cited  in  text  (Section  2) 

RS/S=Reseach  Scientist/Scholar 


3.2  Cooperation  with  US  Industry 

While  the  research  summarized  here  was  principally  supported  by  AFOSR  under  Grant  97- 
1-0266,  the  Yale  HTCRE  Laboratory  has  also  been  the  beneficiary  of  occasional  smaller  grants  from 
U.S.  industrial  corporations,  including  groups  within  ALCOA,  GE,  DuPont,  Union  Carbide  (now 
Advanced  Ceramics  Corp.)  and  Shell,  as  well  as  the  feedback  and  advice  of  scientists/engineers  firom 
these/other  corporations.  We  appreciate  this  level  of  collaboration,  and  expect  that  it  will  accelerate 
inevitable  applications  of  our  results  in  areas  relevant  to  their  technological  objectives  (see,  also, 
Section  3.4,  below). 

Periodically,  our  results  are  picked  up  and  used  by  aerospace-oriented  industrial  contractors, 
or  corporations  engaged  in  ancillary  chemical  industry.  However,  no  bona-fide  “Technical 
Transition”  was  identified  by  the  PI  during  this  particular  interval. 
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3.3  External  Presentations,  Research  Training,  and  Pedagogical  Impact 

Apart  from  the  17  pubKcations  cited  above  and  itemized  in  Sections  5,  we  have  presented 
some  20  technical  talks  on  the  subject  matter  of  this  Grant.  With  few  exceptions  these  have  been  at 
national  meetings  of  the  Combustion  Inst.,  AIChE,  and  AAAR,  or  as  University  seminars  (as 
documented  in  our  earlier  Annual  Reports  on  this  grant). 

The  pedagogical  impact  of  the  Pi's  AFOSR  research  will  be  considerably  augmented  when 
Dover  Publications  (Mineola,  NY)  markets  an  updated  paperback  reprint  of  his  1986  textbook- 
treatise  during  the  summer  of 2000.  This  ‘reprint’  will  actually  contain  a  50  page  Supplement  which 
cites  many  recent  papers,  including  those  supported  by  this  Grant. 

3A  Applications  of  Yale-HTCRE  Lab  Research  Results;  Technology  Transfer 

As  an  indication  of  the  worldwide  scientific  intact*  of  this  3-year  OSR-supported  program, 
some  150  citations  have  appeared  under  the  Pi's  name:  Rosner,  D.E.  in  Science  Citation  Index.  It 
has  been  gratifying  to  see  direct  ^plications  of  this  generic  AFOSR-supported  particle  and  vapor 
mass  transfer  research  in  more  applications-oriented  investigations  reported  in  recent  years,  as 
documented  in  our  earlier  Annual  Reports.  During  this  reporting  period  there  were  apparently  no 
new  bona-fide  transitions'  to  report,  although  our  recent  OSR  research  on  particle  deposition  and 
intact-induced  erosion  is  being  used  in  the  land-based  combustion  turbine  industry,  including  that 
concerned  with  energy  recovery  at  chemical  plants  (Private  Communications  related  to  the  Pi’s 
consulting  activities).  Applications  in  other  fundamentally-oriented  research  programs  are  easier  to 
discover  and  track.  For  exantle>  the  PI  has  become  aware  that  ‘TPD’,  a  thermophoretically-based 
technique  for  determining  local  soot  volume  fractions  and  temperatures  in  laminar  flames  (see 
Section  2.2),  is  currently  being  used  at  UCLA,  VPI  and  UTRC.  This  technique,  a  ‘byproduct’  of  our 
OSR-sponsored  particle  deposition  research  (Section  2.4),  is  quite  attractive  because  it  is  sinple, 
mmpletely  independent  of  particle  optical  properties,  and  applicable  to  very  low  soot  volume 
firactions. 


4.  CONCLUSIONS 

This  3-year  AFOSR  program  was  motivated  by  the  feet  that  the  ability  to  reliably  predict  the 
local  concentration,  sizes,  transport  properties  and  stability  of  aggregated  flame-generated  particles 
(carbonaceous  soot,  B2O3,  AI2O3,  ...),  often  in  the  size  range  of  only  tens  of  nanometers,  in  high 
pressure,  high  ten^rature  environments,  is  inqsortant  for  many  technologies  relevant  to  the 
U.S.A.F.,  especially  jet  engine  combustor  design.  As  one  important  overafl  result,  we  have  shown 
that  soot  aggregates  from  a  wide  variety  of  organic  and  inorganic  combustion  systems  exhibit 
mechanistically  significant  morphological  and  transport  property  similarities  (Rosner  et.aL,1997, 
Koylu  er.a/., 1995,1997,  Xing  et.al,  1997,1999).  Indeed,  our  results  for  the  transport  properties  of 
soot  aggregates  can  now  be  used  in  more  accurate  models  of  soot  dynamics  in  \aminar  and 
turbulent  flames.  Moreover,  we  have  also  provided  properties  needed  to  correctly  interpret  the 
results  of  recently  introduced  laser  diagnostics  as  applied  in  research  on  soot  formation/suppression 
at  high  pressures  {eg.,  laser-induced  incandescence  (LII)).  These  ejqierimental  techniques,  together 
with  closely  coupled  theoretical  calculations  of  particle  birth/dynamics  in  counterflow  difeion 
flames  and  mixing/houndary  layers,  have  led  to  a  significantfy  improved  understanding  of 
combustion-generated  ultra-fine  particles,  including  their  sampling,  coagulation,  restructuring  and 
deposition  dynamics. 
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Flame  processes  are  still  widespread  in  industry  to  early  ‘nanoparticle’  formation  stages.  This  is  partly 

_  due  to  the  fact  that  processes  at  these  early  stages  are 

‘Invited  paper  extremely  fast  (Pratsinis,  1998),  mostly  taking  place 
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particles  both  large  and  small  compared  to  the  prcvuilmg  gas  mean-frcc-path.  This  fact  complicates 
accurate  predictions  of.  sav.  total  mass  Jvposiiion  rdfc.v  to  confining  cold  walls  or  immersed  cooled 
objects  by  the  mechanism  of  particle  fhcT/»t*p/iMre,vi.>  iwith  Sc  U  (across  laminar  or  turbulent-, 
forced  -or  natural  convection  biiundary  layers!  since  particle  ihermophoretic  dilTusiviiies  can  be 
sensitive  to  the  prevailing  Knudsen  number  based  on  individual  particle  diameter.  VVhen  i.iken  iniv* 
account  over  the  enure  particle  size  spectrum,  this  often  reduces  the  contribution  that  the  largest 
panicles  make  to  the  total  deposition  rate,  especially  if  they  are  excellent  thermal  conductors  ic.g 
unaegreeated  metalst.  In  the  present  paper  we  extend  previous  results  from  this  group  [Rosner.  1^89. 
Total  mass  deposition  rates  from  polydispcr>cd  aerosols’.  A.I.Ch.E.  J.  34111.  164-167;  Rosner  and 
Tassopoulos.1989.  Deposition  rates  from  pvdy  dispersed  particle  populations  of  arbitrary  spread 
\  !  Ch  E  J  35l9i  1497-150X1  Rosner  and  Khalil.  199'.  Morphology  effects  on  poly  dispersed  aerosol 
deposition  rates’.  Tran.^.  Amcr  Suci  S.u  .  77  TANSAO  T'-i-SW).  425-427].  to  show  how  total  mass 
deposition  rales  from  a  dilute  flowing  stream  ofeoagtilaiton-aged  polydispersed  spherical  panicles 
in  the  Knudsen  rruii.MUdu  regime  can  be  conveniently  predicted  by  systematically  correcting  results 
more  easily  calculated  for 'the  ihypotheiicah  case  of  -monodispcrsed’  spheres  in  the 

/rt'i*-/n»»/etii/i'  limit  at  the  same  particle  mass-loading.  37  7  RcynoldsMor  Grashol-!  number  and 
thermal  conductivity  ratio:  For  this  purpose  weearry  out  "once-and-for-all  quadratures  over 

the  Talbot  ef  u/.  1 19801  "transiiKm-regime '  ihermophoretic  ct>erticient  function,  convoluted  with 
appropriate  quusi-self-preservmg  particle  size  disiribution  iPSD-f  functions,  using  recent  informa¬ 
tion  on  the  effective  spreads  v'f  these  near-log-normal  PSDs  associated  with  Brownian 

coagulation  in  the  transition  regime  lOtto  of  al..  I994i  This  leads  us  to  rational,  universal 
(Urositmn  rate  ratio  eorreUitums  of  our  formally  exact  quadrature  results.  e.xpressible  in  terms  only  of 
a  prevailing  Knudsen  number  based  on  »uoi/«  particle  size  in  the  population,  and  the  intrinsic 
thermal  conductivity  ratio:  a  =  k^  k,.  The  availabiliiv  of  ihesc  new  computaiional  results  and 
dimensionless  correlations,  remarkably  applicable  to  both  laminar  and  turbulent  boundary  layer 
particle  transport  and  natural  or  forced-coiucciion.  will  dramalically  simplify  and  accelerate  such 
multi-size  particle  thermophoreticallv  dominated  aerv»sol  deposition  rate  calculations  in  a  wide 
varietv  of  engineering  applications. 
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